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ABSTRACT: Female pelvic disorders have a large social impact, the diagnosis of which relies on a key indication: pelvic
mobility. The normal mobility is present in a healthy patient, meanwhile the hypermobility can be a sign of female pelvic
prolapse and the hypomobility for endometriosis. The evaluation of pelvic mobility is based on medical image analysis.
However, the latter does not provide precise values of these indicators directly. Moreover, suspension devices play an
important role in pelvic organ function, but can hardly be observed on medical images. Our objective is to propose an
image-based analysis tool for the quantitative evaluation of pelvic mobility and the shear strain which has an impact on
suspension devices. Hence, this paper introduces a such tool based on an e cient and semi-automatic motion tracking of
multiple pelvic organs: the bladder, vagina and rectum presented in dynamic magnetic resonance imaging sequences. The
method was validated on prototypical images and applied to di↵erent mobility cases. The computed displacement and
shear strain fields provide important information on the quality of suspension devices between organs for a fine diagnosis
in the clinical context, for example the early diagnosis of female pelvic prolapse and the localization of possible lesion areas
before surgery. Meanwhile, the predicted mobility can be used to compare with the finite element model for numerical
simulation.
KEY WORDS: displacement field, image correlation, motion tracking, MRI, pelvic system mobility, shear strain
Introduction
The background knowledge about female pelvic dis-
orders has shown that the incidence of both gen-
ital prolapse and pelvic endometriosis is relatively
high. More precisely, the prolapse a↵ects 20 to 30%
of women of all ages combined and 60% of women
over 60 years old [1, 2]. The endometriosis a↵ects
about 10% of women in general [3], and its incidence
is much higher in infertile women, which can reach
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47% [4]. These problems are strongly indicated by
the pelvic hypermobility [5] and hypomobility [6].
In order to analyse the pelvic mobility, Lecomte-
Grosbras et al. [7] have recently proved the inter-
est, necessity and feasibility for involving numeri-
cal tools (full-field measurement based on medical
images) in the medical diagnosis and treatment of
pelvic pathologies. The conventional diagnosis re-
lies on the human interpretation of dynamic MR
images [8]. Such analysis drives to subjectivity to
a certain degree and is limited due to some hardly
observable structures on MR images such as liga-
ments and fascias. However, as mentioned in [7],
the technique of Image Registration (IR) or Digital
Image Correlation (DIC) can provide more objective
and complete information on the pelvic mobility in
a in vivo manner. This information enables a finer
diagnosis and would help to predict some possible
lesion areas before surgery. Moreover, it can pro-
vide useful data for validation of the finite element
(FE) simulation. The latter aims to have a better
understanding of the mechanism of pelvic system
dysfunction [9, 10, 11].
Whereas the technique of full-field measurement
based on IR and DIC has become mature in me-
chanical experiments and its application in medical
images has been widely developed [12, 13, 14, 15],
the issue of its limitations and inconveniences in our
study should still be addressed. Firstly, in the case
of ex vivo testing, one can create a random pattern
on the image by painting the object with speckles,
which enables to identify the material points [16].
However, in our in vivo case, such procedure can not
be reproduced. Hence, it would be di cult to take
account of the tracking of material points. Although
the Tagging Dynamic MRI has been existing for mo-
tion analysis on some particular organs such as the
heart and the tongue [17, 18], the tagging is not per-
formed in our current imaging protocol and we want
to adapt our analysis tool to clinical use without
asking for new acquisition protocol. Secondly, the
full-field technique provides promising results on the
whole image domain. However, we need information
especially on the organ walls (on the contours in 2D
manner) and on the interface between the organs
(vesico-vaginal space and recto-vaginal space). So
far masked maps have been created manually over
time in the image sequence to extract the infor-
mation on the contours. This manual work is too
tedious to be applied in routine to patient-specific
cases. Finally, the suspension devices are di cultly
observed on dynamic MR images. Such interesting
relative information between the organs cannot be
obtained by conventional registration methods. Pre-
cisely, the information to be computed includes the
displacements field on the organ walls and the shear
strain on the interface between the organs. The
shear strain can not be measured and is to be com-
puted numerically by considering the middle organ,
the vagina, as the reference. It provides a model of
the behavior of some structures such as ligaments
and fascias, as mentioned, hardly observable in the
images. Whereas, the damage of fascias causes the
hypermobility.
Our objective is to introduce an image-based anal-
ysis tool for the evaluation of pelvic mobility that
takes account of the aforementioned limitations.
The method enables the evaluation of the displace-
ment and the shear strain over time and in the zone
of interest.
In [19], we proposed a registration method for
multi-organ detection in MR images based on B-
spline models. Firstly, we extended the detection
method on an image to a sequence of dynamic MR
images for multi-organ tracking over time. The B-
spline model is initialized on the first image (instant
t0) by the original method. Then the method is used
iteratively to deform the model from instant t to t+1
in the rest of the sequence: the fitted model at in-
stant t becomes the initial model at instant t + 1.
The number of control points remains constant to
compute the displacement field in a same configura-
tion.
Nevertheless, the major concern is to ensure the
plausibility of the predicted deformation of the or-
gans, the evaluation of the displacement and the
shear strain over time. It is not ensured that the
material points are well followed and the points can-
not drift along the contour inducing a non realistic
movement. In fact, as mentioned before, this sliding
issue has been wildly known for image correlation
problems [20]. For this reason, another strategy is
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required to ensure the best possible tracking of ma-
terial points.
In this paper, we propose a new numerical ap-
proach which enables not only the evaluation of
pelvic mobility, but also the shear strain between
organs. A geometric model of composite Bézier con-
tours with some identifiable material points is used.
They are initialized on the first image in the dy-
namic sequence. These contours are then deformed
and followed fully automatically over time to fit the
organ shapes in each image of the sequence. Fi-
nally, using this analytical model, we can compute
displacement fields on the contours of organs to
quantify the motion and shear strains inter-organs
that are induced by the biomechanical properties of
structures.
This approach brings several contributions: (1)
Parametric and analytical model is used for the de-
scription of the contours of organs. The tracking
of the contours is performed on its control points
and is fully automatic. Hence, the application to
patient-specific cases can also be fully considered.
(2) The automatic detection method based on B-
spline is used for the initialization [19]. However,
in order to predict more physically meaningful dis-
placements, several material points are taken into
consideration, based on the criteria of curvature. (3)
The displacement field and shear strain are obtained
and computed directly by using its analytical formu-
lation.
For the reason of clarity, the extended B-spline
based method [19] and the new Bézier based method
in this paper are denoted as method ”Geometric
contours tracking” and ”Material points tracking”,
respectively, in the remainder of this paper. In the
rest of the paper, we present the motion tracking
algorithm without material points (B-spline) and
with material points (Bézier). Their di↵erence is
compared and illustrated by several tests with pro-
totypical and medical images. Finally, the applica-
tion of the method is performed on a set of data in
di↵erent contexts of mobility.
Magnetic Resonance Imaging (MRI)
Data
Thanks to its high contrast for soft tissues and with-
out the exposure to radiative sources such as X-ray,
magnetic resonance imaging has become the first-
choice technique in clinical examinations on female
pelvic system [21]. Particularly in our study, dy-
namic MRI (or cine-MRI) is used for the evaluation
of pelvic mobility. This type of MRI is widely per-
formed in clinical routine for the diagnosis of pelvic
diseases such as prolapse [8]. The images consist
of a temporal sequence of MRI recording the move-
ments of pelvic system while the patient is push-
ing down. The experimental data of healthy volun-
teers dedicated to research were used and the clini-
cal data of patients with pathologies were used un-
der the approval by the National Ethics Committee
(Comité d’Ethique de la Recherche en Obstétrique
et Gynécologie CEROG 2012-GYN-06-01-R1).
Figure 1 shows an example of the dynamic MRI
of a healthy witness patient. In order to highlight
the organs and their mobility, intravaginal and in-
trarectal gel had been introduced into the two or-
gans, and the bladder was semi-replete. These im-
ages are T1-weighted, the spatial resolution of which
is about 1.17 mm pixel 1 and the temporal resolu-
tion is about 1 image per second. The MRI acqui-
sition protocol is detailed as follows: magnetic field
strength 1.5T; repetition time 2.7 ms; echo time 1.35
ms; slice thickness 10 mm; pixel bandwidth 1225 Hz;
flip angle: 45 .
Theoretically the dynamic MRI can be acquired
in 3D as the static ones, yet the choice of a fixed
plane for the dynamic MRI acquisition has become
a standard practical protocol in the clinical routine.
Because the aim of the analysis tool is to provide
practical applications in diagnoses, we have to re-
spect the image modality in clinical use, for exam-
ple no specific requirement of higher resolution has
been demanded. Meanwhile the logistical, budget
and time constraints are also respected. For these
reasons, we have possession of 2D dynamic MRI in
sagittal median plane which is the most represen-
tative one for highlighting the motions. One of the
limitations due to the 2D image modality is that
4 Journal: Strain – c  2017 The Authors
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bladder
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rectum
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pubis
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Initial image Deformed image
Figure 1: Dynamic magnetic resonance image of a healthy wit-
ness patient (median sagittal plane, T1-weighted, spatial reso-
lution = 1.17 mm pixel 1, 256*256 pixels).
one component of the displacements cannot be ob-
served. In the diagnosis, it is considered that the dis-
placements in this missing direction are su ciently
small to not necessitate a 3D image modality. Con-
sequently, in our approach, we analyse only the 2D
motion in the sagittal plane.
B-spline based Multi-organ Detection in
dynamic MRI
In order to assess the movement of organs involved
in the genital prolapse, pelvic endometriosis or the
normal context, we have to build the initial models
of bladder, vagina and rectum on the first image, as
the reference configuration. These models are de-
fined as adaptive cubic B-splines, which consist of
closed contours in our case, even for the vagina and
rectum which have in reality open ends. Then these
models are deformed iteratively on the following im-
ages in the sequence. In [19] we had presented a
model-to-image registration approach for detecting
multiple organs and building these B-spline models
in MRI. We are to apply this method for the B-
spline based tracking. Thus, we will describe briefly
its principle by listing several formulas and nota-
tions which will be used in this paper. For further
details, the reader can refer to the aforementioned
paper.
Each organ contour is defined by using a B-spline
curve. A uniform knot vector [0 . . . 1] is used to com-
pute spline functions of degree p, N
i,p
: [0, 1] ! [0, 1]
(definition can be found in [22]). The organ is then
presented by a parametric curve B : u 2 [0, 1] !
B(u) 2 R2. The position of a point in the neigh-
bourhood of the B-spline can be computed with the
parametric coordinate u and the distance between
the point and the curve v. Let n(u) be the vec-
tor normal to the curve (n(u) 2 R2), the position
x(u, v) can be given by:
x(u, v) = B(u) + vn(u)
=
nX
i=0
N
i,p
(u)p
i
+ vn(u), (1)
where [p0,p1, · · ·pn] are the n + 1 control points.
Obviously x(u, 0) correspond to a point on the B-
spline curve.
The registration method aims to optimize the
n+1 control points by minimizing an objective func-
tion having these points as degrees of freedom. This
function measures the di↵erence between the real
image (MRI) and the virtual one which is defined in
the neighbourhood of the contour ⌦ by a so-called
levelset function. The levelset function defines the
value of grey levels in the virtual image which is
similar to the ones in the real image. The use of
virtual image was introduced in [23] and discussed
in [24, 25]. Now let ⌧ be the neighbourhood width.
The levelset L is given by the following formula:
L(v) =
8
>>>>><
>>>>>:
A
max
if v < 0,
A
min
+
A
max
 A
min
2
⇤ (1 + cos(⇡v
⌧
))
if 0  v  ⌧,
A
min
if v > ⌧,
(2)
where A
max
is the grey level inside of the organ
and A
min
the background. The values of A
min
and
A
max
are chosen by clicking inside and outside of
each organ in the real image. As for the width ⌧ , it
measures the width of the transition zone between
the organ and the background. In fact, sharp lines
separating these two parts do not exist in the real
image. Hence, the choice of its value depends ac-
tually on the desired position of the final contour
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(closer to the foreground or to the background). In
our application we have chosen a standard and fixed
value (3 pixels). Thus, the grey level value on a po-
sition x of the virtual image I
v
can be computed
analytically:
I
v
(x(u, v)) = L(v). (3)
Finally, the objective function E
image
measures the
squared di↵erence between the real image I
r
and the
virtual one I
v
.
E
image
([p0,p1, · · ·pn]) =
X
x2⌦
[I
r
(x)  I
v
(x)]2
=
X
u
X
v
[I
r
(B(u;p0,p1, · · ·pn) + vn(u))  L(v)]2.
(4)
The minimization of this function enables to find
the optimums of control points, i. e. the best corre-
lation between the B-spline model and the MRI im-
age. Hence, the optimized B-spline gives the initial
configuration of the tracking problem. Then, these
control points are to be optimized iteratively by us-
ing the same minimization formulation. Besides the
geometric contour, the material points have to be
taken into account. In the next section, the new
method ”Material points tracking” based on Bézier
models will be presented.
Motion Tracking Algorithm
Tracking principle
In our approach, based on continuum mechanics,
we use a Lagrangian description to define the mo-
tions of the principal pelvic organs under deforma-
tion. Following this description, for any material
point of the object, the change of its position over
the time is defined by a function of transformation,
from its initial configuration (or reference) to the
current configuration. In other words, at any time,
the computation of physical quantities such as the
displacement is always associated with the same ma-
terial point, compared to its initial configuration.
To achieve the objective of motion tracking,
firstly, we initialize the B-spline geometric model at
instant t0 (the first image of the sequence) as the
reference configuration by using the model-to-image
registration [19], as described in Section ”B-spline
based Multi-organ Detection in dynamic MRI”. Sec-
ondly, the model is updated for fitting each following
image in the sequence to form the configuration at
instant t. The process is recursive: the model of in-
stant t is deformed to fit the next image at instant
t + 1, and it is also based on an energy minimiza-
tion formulation. Once we obtain the models cor-
responding to all the instants, a displacement and
shear field can be computed by using the analyti-
cal formulation of the models and following the La-
grangian description.
Meanwhile, we need to deal with the major con-
cern about the plausibility of computed displace-
ments. Normally, as mentioned in the previous
paragraph, the description of the movement of ma-
terial points remains in a fix landmark related to
the initial configuration. So far the computation is
based on the parametric coordinates, depending on
the control points and their relative shift. Unfortu-
nately these control points are not located on con-
tours and they can freely drift along the contour.
Thus the landmark for calculating the position of
material points is mobile.
The idea is to fix some points on corners and to
restrict the movement to be perpendicular to the
contour. For this purpose, the B-spline model is di-
vided into piecewise cubic Bézier curves joined end
to end. The ending point of one Bézier curve is at-
tached with the starting point of another to form a
connection point which is considered as a material
point and where the curvature is higher than oth-
erwhere. Here make we an anatomical assumption
that the salient points on the organ surface (or cor-
ners on the contour in a 2D plan) represent material
points, which is based on the observation of medical
images. Such material points, denoted as ”features”
in the remainder of this paper, are firstly tracked by
the optical flow algorithm [26], which consist in the
beginning configuration for each recursive process
of deformable registration from t to t+ 1. Figure 2
shows the principal pipeline of the motion tracking.
In the following parts, we will present respectively
6 Journal: Strain – c  2017 The Authors
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Initial image
instant t0
Deformed image
instant t
Deformed image
instant t+1
B-spline model 
instant t0
Adjusted model (Bézier)
instant t0
Adjusted model (Bézier)
instant t
Dynamic MRI Sequence
Adjusted model (Bézier)
instant t+1
Adjusted model (Bézier)
instant t*
Transformation based 
on the features tracked
Optimization by the
virtual image correlation
Choice of the
features
Figure 2: Motion tracking principle: the initialization of the contours on the first image is carried out by the B-spline based virtual
image correlation [23, 25, 19]. Then the features are selected automatically based on curvatures. The B-spline model contour is
divided into piecewise Bézier curves (called the adjusted model) to obtain the initial model corresponding with the image at instant
t0. For the other images in the sequence, the features and the Bézier curve are deformed in two steps.
the choice of the features, the motion tracking algo-
rithm, the computation of displacement and shear
field.
Choice of the features
We apply a new adjusted model (composite Bézier
curve) and the connection points of Bézier curves
become the material points. At the initial step, the
choice of these features is performed automatically
based on detection of the higher curvatures.
Suppose that the contour of an organ in the initial
configuration (instant t0) is defined by a parametric
B-spline curve B0(u) =
P
n 1
i=0 Ni,3(u)pi. The ab-
solute value of the curvature is defined as the rate
of change of the unit tangent vector. In a paramet-
ric formulation, it is related to the first and second
derivative of the parametric function, which can be
calculated by using the standard parametric coordi-
nates as follows:
(u) =
kB00(u)⇥ B000(u)k
kB00(u)k3 , (5)
where B00(u) = dB
0
du (u), B
000(u) = d
2B0
du2 (u) and ⇥
for the cross product. Hence, the curvilinear curva-
ture can be computed directly based on the initial
B-spline model. In an automatic way, the algorithm
enables to select a number of features where the cur-
vature is higher by using the following criteria:
• maximal and minimal number of features to be
selected;
• minimum distance between two adjacent fea-
tures (used in order that the features are well
spaced);
• threshold of the curvature (used to avoid the
features on flat segments).
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Figure 3 shows the selected features with a cur-
vature map bounding the contour. Meanwhile, the
features are resorted (renumbered) counter clock-
wise along the B-spline.
Let [pf0,pf1, · · · ,pf l] be the selected feature
points, where pf
i
= B0(u
ki). l + 1 piecewise Bézier
curves can be created and joined at these points,
which represent the approximative geometry as the
initial B-spline and constitute the adjusted model.
However, the continuity at the connecting points is
reduced. As defined in many standard texts [22],
the Bézier curve is a special case of the B-spline
who has four control points. In this case, for each
piecewise Bézier curve, the two extremities are fixed
by two adjacent features. Let us take the first Bézier
segment between pf0 and pf1 as an example. This
curve, denoted S0, is defined by Equation 7 with the
Bernstein polynomial M
i,p
: u 2 [0, 1] ! [0, 1]:
M
i,p
(u) =
p!
i!(p  i)!u
i(1  u)p i, (6)
S0(u) =
3X
i=0
M
i,3(u)pi, (7)
where p0 = pf0 and p3 = pf1. Then the two free
control points p1 and p2 are determined such that
each Bézier curve fits the original B-spline contour
on the interval [u
k0 , uk1 ]. The curve fitting method
is well known as a standard approach by solving
a system of linear equations. Figure 4 shows the
adjusted Bézier model as the initial configuration,
created from the original B-spline model. In further
studies, we will use this well-defined adjusted model
for analysing organ movements.
Tracking of features
In order to ensure the quality of the computation
of mechanical indicators, such as the displacements
and shear strain, several constraints have been in-
cluded not only for the detection of geometric con-
tour, but also for the better prediction of the mo-
tion of organs under deformation. Moreover, we are
interested in the organ walls not their inside for
analysing the pelvic mobility. Hence, in the first
time, the tracking of motion should be guided by
the features on the contour.
For each piecewise Bézier curve, the positions of
the two end control points (material points) and the
free ones are optimized in di↵erent ways. In this
section, the tracking of the two end points will be
firstly discussed. This problem can be formulated
as detecting moving characteristic points in a video
or image sequence. The approach of optical flow
proposed by Lucas et al. [26] can be well adapted
into our needs. The method is based on the as-
sumption of the constant pixel intensities and their
low local variation. Because of the local evaluation,
the method would fail if the deformation between
images was large or the intensity in a region was
uniform [27]. However, in our case, the features to
be tracked are located on the edge of organs where
the variation of pixel intensities is large. Moreover,
with the acquisition frequency of about one image
per second, the deformation between two images (in-
stant t and t+1) is relatively small. All these aspects
permit a good performance of the optical flow track-
ing. In a practical view, it is necessary to choose
the appropriate window grid size for the computa-
tion which respects the properties of locality and
where the image pattern is enough representative to
be tracked. Generally, the choice of size depends on
the image, we have adjusted this parameter empir-
ically during tests (see Figure 5 for illustration of
results).
Once the tracking of features is completed using
the optical flow, the transformation of each feature
has to be applied over its two adjacent free control
points to form the intermediate model at instant t⇤
(between t and t + 1). Let always S0 : u 2 [0, 1] !
S0(u) 2 R2 be the first Bézier curve with four con-
trol points [p0 = pf0,p1,p2,p3 = pf1]. After ap-
plying the transformation, we obtain the following
formula:
S⇤0 (u) = M0,3(u)T0(p0) +M1,3(u)T0(p1)
+M2,3(u)T1(p2) +M3,3(u)T1(p3), (8)
where T0(pf0) = pf
⇤
0 and T1(pf1) = pf
⇤
1 deter-
mined by the optical flow method (see Figure 6 for
illustrations).
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first selected material point
second selected 
material point
resorted material points
Figure 3: Choice of the features along the B-spline contour: MinDetectRadius means the imposed minimum distance between two
adjacent features.
Figure 4: Adjusted model at instant t0. The figure is generated by our application (spatial resolution = 1.17 mm pixel 1).
Optimization using Virtual Image Correlation
As illustrated in Figure 6, the last step consists
in adjusting the free control points associated with
each Bézier curve so that the model fits perfectly
the organ in images. In order to minimize the drift-
ing along the contour, the displacement (transfor-
c  2017 The Authors – Journal: Strain 9
Multiorgan Motion Tracking in Dynamic MRI : Z.Jiang et al.
Initial instant Final instant
0
1 2
3
4
56
7
8
0
1
2
3
4
5
01
2
3
4
5
6
7
0
1 2
3
4
56
7
8
0
1
2
3
4
5
01
2
3
4
5
6
7
Figure 5: Tracking of the features using the optical flow method: window grid size = 30⇥ 30 pixel2.
0
1
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45 0
1
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3
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Transformation of the features Adjustement of the free control points
perpendicular
direction
Instant t Instant t* Instant t+1
material points (features)
free control points
d1
d2
p0=pf0
p3=pf1
p1
p2
T0
T0
T1
T1
pf*0
pf*1
Figure 6: Deformation of the model from instant t to t + 1: firstly, the features are deformed using optical flow tracking method,
for example the transformations of point 0 and 1 are computed by the optical flow equation. Then, the same transformations are
applied on their neighbouring free control points to form the intermediate model (instant t⇤). Finally, the free control points (for
example the ones situated between 0 et 1) are adjusted in the direction perpendicular to the segment using virtual image correlation,
and produce the model at instant t+ 1.
mation) of these points is restricted to the direc- tion perpendicular to the segment linking two adja-
10 Journal: Strain – c  2017 The Authors
Multiorgan Motion Tracking in Dynamic MRI : Z.Jiang et al.
cent features. The magnitude of the displacement is
also limited to be small because physically no new
salient points will be observed during the deforma-
tion. Moreover, after the step of transformation
based on the optical flow, the intermediate model
has been already close to the deformed organ in
the image. By examining the width of the tran-
sition zone between the organ and the background,
we have applied a magnitude of 14 pixels ( 7 to +7
pixels), which is empirical. In fact, it depends on the
resolution of MR images, more precisely, the number
of pixels on the contours of the organs. In our cases,
the images have the similar resolution. The adjust-
ment allows a finer fit between the model and the
image at instant t+1. Following the same principle
as the B-spline based detection, the adjustment of
positions is carried out by minimizing the di↵erence
between the virtual image and the real one.
In order to show the computation of the objec-
tive function, now let us take the example of the
first Bézier curve S0 with control points [p0 =
pf0,p1,p2,p3 = pf1] as the other free control
points are optimized in the same way. Let N be
the normal direction to the segment (p0p3 ·N = 0).
The displacements of the free control points p1 and
p2 from their current positions are given by d1 and
d2. The Bézier curve S0 is then redefined by d1 and
d2:
S0(d1, d2;u) = M0,3(u)p0 +M1,3(u)(p1 + d1N)
+M2,3(u)(p2 + d2N) +M3,3(u)p3.
(9)
Analogously to Equation 4, the objective function
can be reformulated with respect to d1 and d2:
E
image
(d1, d2)
=
X
u
X
v
[I
r
(S0(d1, d2;u) + vn(u))  L(v)]2, (10)
where n(u) is the normal direction of the Bézier
curve and L is the levelset function (Equation 2)
for computing the virtual image. Then, the func-
tion is minimized for each Bézier curve respectively
(S0, S1, · · · , Sl) to obtain the final model, the con-
figuration at instant t+1 (Figure 6). So far, the op-
timization is carried out by evaluating the objective
function within a restricted range of movements of
the two control points of each Bézier segment. From
this analytical model, we will be able to compute the
displacement and shear field in the zone of interests,
which will be presented in the next section.
Displacements and Shears
The Lagrangian description that we uses enables to
compute continuous displacement fields with our an-
alytical geometric models. The displacement fields
of each organ must be evaluated separately and each
organ must have a reference configuration. This ref-
erence corresponds to the shape of the organ wall
found at instant t0 (on the first image, detected by
our registration method). However, practically a
given number of discrete points are sampled on the
organ contours in the initial configuration. These
points are used to compute the displacements field
on the organ walls. The analysis of mobility will
rely on this discrete domain. The computation of
displacements and shears is then based on the para-
metric coordinates of Bézier curve (see Figure 7A
for illustration).
Let S00 be the first piecewise Bézier curve at in-
stant t0. With no loss of generality, N points {x0
i
}
are sampled on S00 using the formula:
x
0
i
= S00 (i/N), i = 0, · · · , N   1. (11)
Now, let St0 be the same Bézier curve at instant t.
For the set of points, the displacements are given
by:
dp
t
i
= xt
i
  x0
i
= St0(ui)  S00 (ui). (12)
After computing the displacements for each Bézier
curve respectively, we obtain a set of vectors dpt
i
which defines the displacements field at instant t,
and this computation is repeated for each instant
(image) of the dynamic MRI sequence.
Thanks to this registered displacement field, we
propose to compute an estimation of the shear strain
between organs. The organ in the center of the im-
age, the vagina, is chosen to be the reference organ.
Analogously to the computation of displacements,
at the initial configuration we generate several cou-
ples of discrete points from di↵erent organs based on
c  2017 The Authors – Journal: Strain 11
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Figure 7: Computation of the displacements (A) and shear strain fields (B), between instant t0 and t.
the zone of interest defined by users. These couples
of points are linked by segments, whose direction
is perpendicular to the vaginal wall. For example,
firstly a part of the bladder contour is selected man-
ually as the zone of interests for computing the shear
between the bladder and the vaginal. Then, M dis-
crete points {P0
i
} are sampled on this zone. As-
suming that the shear deformation is initially null,
the points sampled on the bladder are projected or-
thogonally onto the contour of vagina to obtain M
points {Q0
i
} who form segments with {P0
i
}.
Then, in the presence of shear motion, the seg-
ments that are all, at the initial stage, normal to
the vaginal wall will deviate from this direction and
illustrate the shear e↵ect. We use the variation of
angles between the segments considered at t0 and
t as a quantitative measure of the shear strain be-
tween organs. The positions of Pt
i
and Qt
i
can be
calculated by their displacements dpt. Let tt
i
be the
tangent vector of vagina at the point Qt
i
at instant
t. The shear strain at the position ↵
i
is given by:
↵
t
i
= arccos(
Q
t
i
P
t
i
· tt
i
kQt
i
P
t
i
k · ktt
i
k ), (13)
sheart
i
= tan(
⇡
2
  ↵t
i
). (14)
Finally, after computing this estimation of the shear
strain for each position in the discrete domain, we
obtain the set of the scalar values representing the
shear strain field at instant t (see Figure 7B for illus-
tration). Moreover, combining the spatial distribu-
tion of shear strain over time (the dynamic MRI
sequence), we will be able to complete a spatio-
temporal representation of the shear between or-
gans which is useful for the analysis of the impact of
pathologies related to the weakness in the suspen-
sion devices.
Results and Discussions
Validation with prototypical images
Firstly, we validated our Bézier based ”Material
points tracking” algorithm and computation of dis-
placements by using prototypical dynamic MR im-
ages. The captured images consist in an orange,
on which a rigid body displacement in the range of
0 90 mm was applied. The spatial image resolution
is 0.73 mm pixel 1 and the size is 149⇥ 261 pixels.
The illustration of validation of the automatically
followed contour of the object at three instants is
shown in Figure 8. For this particular case (large
12 Journal: Strain – c  2017 The Authors
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displacement between each image), each iteration
of the optical flow algorithm was initialized with re-
spect to the image barycenter to ensure the tracking
of features.
The computed displacements are illustrated in
Figure 9. Theoretically they should be constant
along the contour and equal to 10, 50 and 90 mm.
However, practically the images are discrete and are
not clear everywhere. The presented results of the
computed displacements are considered very close to
the prescribed ones with a maximum gap of about
2 mm. Moreover, we performed a quantitative val-
idation of the results by evaluating the mean dis-
placements along the contour with respect to the
imposed displacements. Their standard deviation is
also acceptable compared to the range of 90 mm.
The results are shown in Figure 10.
Comparison and analysis of the two methods
As mentioned above, the first method consists in the
use of classic B-spline where control points can move
freely, the other one is the proposed method with
some features. In this part, we would like to validate
our approach with the material points (features) by
the comparison of the two methods. The idea is to
apply the two methods on the same data set for a
quantitative comparison.
The first step consisted in using the prototypical
images again. However, this time the orange was
rotated numerically by an angle of 0 to 20 degrees
in order to illustrate the sliding problem since gen-
erally the tracking algorithms are very sensitive to
the rotation. The computed angles of rotation are
shown in Figure 11. Normally, the angles should
be constant along the contour and equal to the im-
posed values. Nevertheless, it can be observed that
the B-spline ”Geometric contours tracking” method
poorly detect the rotation. Especially, the rotation
is not captured at all on the flat portion of the con-
tour. The Bézier ”Material points tracking” method
better compute the rotation with few slight drift-
ing (sliding e↵ect) on the flat portion. As a conse-
quence, the values calculated by the Bézier method
are much closer to the imposed ones.
In order to highlight such a di↵erence, we show
a more quantitative evaluation in Figure 12. The
mean angles of rotation computed by the Bézier
method remain proportional to the imposed ones.
Their standard deviations are less than 1 degree.
On the contrary, the result given by B-spline method
deviates a lot from the theoretical result.
In a second step, we also compared these two
methods for a real case in the context of normal
mobility. The objective is to illustrate the drifting
e↵ect and then the uncertainty of the computed dis-
placement and shear strain. The test was run on a
dynamic MR sequence of a healthy witness which
contains 35 images. The spatial resolution is 1.17
mm pixel 1 and the image size is 256⇥ 256 pixels.
The visual comparison of the results given by the
two methods is shown in Figure 13. The displace-
ments and shear at the middle of the 35 images (the
20th image in the sequence) are used to highlight the
di↵erence and the drifting e↵ect. Concerning the
result given by the B-spline method, some displace-
ments towards the end of vagina are not reasonable
and ill-correlated (see the red arrows towards the
bottom of Figure 13(B)). And the shear is irregular,
so we do not use the measure of the shear in this
part.
From the physio-anatomical point of view, some
structures such as the fascias exist between blad-
der and vagina. The bladder, vagina and fascias
are attached to each other. Such material is not
supposed to stretch considerably without constraint
even during the deformation, especially in the nor-
mal mobility context. So that the organ walls should
neither move freely. Hence the abnormal discontinu-
ity of the displacements on the anterior vaginal wall
seems unphysical (Figure 13(B)). The same obser-
vation can be found on the posterior vaginal wall.
Similarly, in Figure 13(D,E), the di↵erence of the
shear strain given by the two methods can be ob-
served. Especially on the posterior vaginal wall, the
computed shear strain in Figure 13(E) is irregular
and unphysical.
The quantitative comparison is shown in Fig-
ure 14. As proved in [7], the zone around the pubis
and rectosacral attachment is the low mobility area.
From the point of view of anatomy, the bladder and
the rectum are attached to these bones during the
c  2017 The Authors – Journal: Strain 13
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Figure 8: Validation of tracking algorithm: contour followed at the instants which corresponds to the imposed displacement of 10,
50 and 90 mm.
8.6 9.3 10.1 10.8 48.5 49.2 49.9 50.7 87.4 88.5 89.5 90.6
Computed displacement norm (mm)
Imposed Displacement
10 mm 50 mm 90 mm
Figure 9: Validation of the displacement computation: initial contours are shown in white and the computed displacements along
the contours are illustrated (the imposed displacements are 10, 50 and 90 mm).
deformation over time. The two methods give sim-
ilar results. However, with the B-spline method,
we predefined a fix point for each organ as the be-
ginning and ending point (the same point) of the
14 Journal: Strain – c  2017 The Authors
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Figure 10: Quantitative validation of the displacement computation: the mean displacement along the contour and its standard
deviation with respect to the imposed displacements.
B-spline to position the initial contours. Hence it
is normal for the B-spline method to find these low
mobility areas. On the anterior and posterior vagi-
nal wall (zone between the vagina and the rectum)
and the lower part of the rectum, high mobility can
be observed, where the displacements given by the
Bézier method attain a magnitude of around 22 mm.
Compared to the results in [7], the displacements are
still a bit larger on the anterior vaginal wall. How-
ever, some artifacts appear along the left side of the
rectum. They are principally due to the limitation
of optical flow algorithm. The presence of low cur-
vature in several areas can create artifacts on the
tracking of points (see Figure 20 for illustrations).
Besides, cumulative e↵ect of errors over time can
also create artifacts. because some points are not
situated exactly on the contours. The main e↵ort
should be made to improve the precision of optical
flow algorithm, which is to be one of the perspec-
tives. Through all these comparisons between the
results given by the B-spline ”Geometric contours
tracking” method, Bézier ”Material points track-
ing” method and [7], we are in favour of the Bézier
method because the tracking of material points is es-
sential and it is more physical. In the next section,
we will apply the Bézier method to more clinical
cases in the context of hypermobility and hypomo-
bility.
Application to other mobility cases
We performed the same Bézier registration method
on a dynamic MRI sequence of a patient with pelvic
prolapse. Because of large displacements in the con-
text of hypermobility, the algorithm had some limi-
tations especially when the uterus is too large. We
would also mention other limitations due to unex-
pected e↵ect in the image: the injected gel can flow
through the cavity while the patient is pushing and
some internal material of the organs can blur the
image. All these e↵ects can make the contours de-
viate from the truly anatomical contours. The re-
stricted sequence from the beginning to the middle
of straining contains 14 images, the spatial resolu-
tion of which is 1.15 mm pixel  1 and the size is
240 ⇥ 240 pixels. It can be observed that in the
high mobility area (posterior vagina) the displace-
ments (Figure 15B) are higher than in the normal
case (Figure 14C). The magnitude of displacement
is close to 25 mm compared to 15 mm for physiology.
The same process was applied on a data set of pa-
tient with pelvic endometriosis. The sequence con-
tains 32 images of 256 ⇥ 256 pixels and the spatial
resolution is 1.17 mm pixel 1. Due to the presence
of wrinkles of the rectum in the image, only the in-
ferior part of the rectum was taken into account for
the analysis. In the high mobility area, the magni-
tude of displacement attained around 10 mm even
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Figure 11: Comparison of the angles of rotation computed by two methods: the results given by Bézier ”Material points tracking”
method are shown on the top and the ones given by B-spline ”Geometric contours tracking” method are on the bottom. The white
contour is the initial one. The imposed rotations are 2.5, 10.0 and 17.5 degrees. The color map illustrate the variation along the
contour in two cases.
at the end of straining, which corresponds to the
context of hypomobility: the endometriosis lesions
create adhesions between the organs which restrict
the mobility. These examples were done on a quad-
core desktop computer running at 3.10 GHz, with
16GB memory. The computational time was about
45 s for one image.
Illustration of the shear strain
Figure 17 shows the estimation of shear strain in the
inter-organs area: anterior vagina (between bladder
and vagina) and posterior vagina (between vagina
and rectum). The quantification of shear is repre-
sented in a spatial-temporal shear map. In order
to present more clearly the evolution of shear strain
at di↵erent positions over time, the value of shear
strain is presented by the change of angles (see ⇡2 ↵
t
i
in Equation 13). During the body movement, the
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Figure 12: Quantitative comparison of the rotation computation: the mean angle of rotation along the contour and its standard
deviation with respect to the imposed rotation.
curvilinear coordinate (from 0 to 20) represents the
position on the vaginal wall (from top to bottom).
The position is defined by the user by choosing a
zone of interest. We used the percentage in length
to indicate where the zone of interest is located on
the vaginal wall. On the left-hand side figure (ante-
rior vagina), negative values mean that the vagina
descends faster than the bladder. Analogously, on
the right-hand side figure (posterior vagina), neg-
ative values mean that the rectum descends faster
than the vagina. It can be observed that the shear
on the anterior vagina appears less important than
on the posterior vagina. For the posterior vagina,
visually we can observe in the dynamic MRI that
the rectum descends largely under pressure. More-
over, the value of the shear is higher at the top part
of the vaginal wall. This method shows indeed the
spatial-temporal evolution of the shear strain, re-
lated to the invisible structures on the MR images,
which cannot be visualized or quantified otherwise.
The evaluation of shear strain inter-organ can pro-
vide a more precise diagnosis and can help local-
ize possible lesion areas before the surgery. In Fig-
ure 17- 19, the estimation of shear strain is shown
for the context of normal mobility, hypo-mobility
and hyper-mobility respectively. It can be observed
in Figure 18 that, in the case of pelvic endometrio-
sis, the shear between the organs remains lower over
time, compared to the physiological case (normal
mobility). Figure 19 demonstrates a case of cys-
tocele (occurs when the bladder pushes through to
the vagina). The results need more analysis in the
clinical context. However, we would like to mention
a typical artifact presented on the anterior vagina
in Figure 19. The discontinuity and irregularity of
shear strain are due to the limitation of the optical
flow algorithm that we applied. In Figure 20, it can
be observed that the feature points 2, 3 and 4 on
the posterior bladder are not well follow in the ver-
tical direction. This e↵ect creates motion artifacts
which produce unphysical shear strain between the
bladder and the vagina.
Conclusion and Perspectives
In this paper, we present a deformable registration
approach based on analytical models for multi-organ
motion tracking in dynamic MRI sequences. The
measured motion is then used for the evaluation of
the mobility of pelvic system. The organ was de-
fined by an analytical and parametric model, a com-
posite Bézier curve joined at features (considered as
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Figure 13: Illustration of visual comparison between two method. On the top: displacements at the middle of straining computed
by (A) Bézier ”Material points tracking” method and (B) B-spline ”Geometric contours tracking” method. The white contours are
the initial ones. On the bottom: (C) initial position of segments illustrating the absence of shear, and deviation of the segments at
the middle of straining computed by (D) Bézier ”Material points tracking” method and (E) B-spline ”Geometric contours tracking”
method.
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Figure 14: Quantitative comparison of the displacements computed by two methods: (A,B) Displacement computed by B-spline
”Geometric contours tracking” method at the middle and end of straining, (C,D) Displacement computed by Bézier ”Material points
tracking” method at the middle and end of straining.
materiel points). This definition can ensure better
the plausibility of the measured motion. The model
was then deformed to fit the organ in the dynamic
image sequences by using the optical flow method
c  2017 The Authors – Journal: Strain 19
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and the virtual image correlation. Finally, thanks
to the analytical formulation, we computed the dis-
placement and shear strain field of organs during
motion. Hence, the developed numerical tool, linked
with the B-spline based detection, can provide a
quantitative evaluation of organ motion for patient-
specific cases.
The quantification of the shear strain could be
used to analyse the abnormal pelvic mobility and to
localize the pathological areas related to the suspen-
sion devices which can hardly be observed on med-
ical images. The evaluation would provide informa-
tion on lesions areas and their extension in case of
pelvic endometriosis. The first perspective of this
work is to validate the link between the measure-
ment and the clinical usage. Such information on
the structures responsible for pathologies can allow
to prepare a more personalized and adapted surgery
and to better inform the patient.
Secondly, concerning the contours tracking, sev-
eral artifacts appeared, due to the limitation of the
optical flow algorithm and unwanted e↵ect in the
images. Hence, we would also like to improve the
quality and robustness of the tracking algorithm
by means of determining more precisely the vari-
ables involved in the optimization, specifying the
step where manual work is necessary and propos-
ing a more integrated method. Besides, the parallel
computing can be used to improve the computation
time.
Thirdly, since the hypothesis of 2D movements in
the sagittal plane is an approximation. Although
we have taken maximum precautions to compute
the 2D tangential information, another approach is
to evaluate the impact of this approximation with
3D models. We have been carrying out a method
for the registration of 3D Finite Elements models
with contours of organs in a dynamic MRI sequence.
The physics-based models will remedy the artifacts
of contours tracking and provide full 3D movements.
Finally, as many studies have been developed
on Finite Elements simulation to help understand-
ing the physio-pathology, these experimental results
would provide useful data for tests and validations
in comparison with the FE simulation results. For
example, the in vivo mechanical properties identifi-
cation for the patient-specific medical simulation.
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Figure 15: Quantitative evaluation of the displacement field in the context of hypermobility: (A) Displacements at the beginning of
straining and (B) at the middle of straining. The white contours are the initial ones.
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Figure 16: Quantitative evaluation of the displacement field in the context of hypomobility: (A) Displacements at the beginning of
straining, (B) at the middle of straining and (C) at the end of straining. The white contours are the initial ones.
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Figure 17: Spatial and temporal shear strain map from the beginning to the end of straining, in the context of normal mobility.
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Figure 18: Spatial and temporal shear strain map from the beginning to the end of straining, in the context of hypo-mobility.
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Figure 19: Spatial and temporal shear strain map from the beginning to the end of straining, in the context of hyper-mobility.
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Figure 20: Illustration of typical motion artifacts in the context of hyper-mobility, due to the limitations of optical flow algorithm: On
the posterior of the bladder, feature point 2, 3 and 4 are not well followed in the vertical direction. Such e↵ect can create unwanted
shear strain.
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